Objectives-Liver stiffness increases after intake of food or water, suggesting that hepatic venous blood flow affects the results of elastographic measurements. This study investigated the correlation between in vivo liver stiffness and hepatic blood flow using the Valsalva maneuver for reducing intrahepatic venous blood flow.
T he stiffness of soft biological tissue depends on the mechanical interaction of structural elements at multiple scales. 1 Solid structures such as collagen fibers in liver tissue are known to significantly increase hepatic stiffness, making elastography most sensitive for the noninvasive classification of hepatic fibrosis. 2 Furthermore, solid-fluid interactions between the vascular bed and the solid tissue matrix are increasingly recognized as being relevant for the effective-medium viscoelastic properties measured by elastography. 3 For this reason, physiologic effects that can alter the perfusion of liver tissue have to be known and addressed by using standardized protocols to improve the reproducibility of elastography in general and to ensure its sensitivity in the assessment of perfusion pressure-related diseases. For example, the European Federation of Societies for Ultrasound in Medicine and Biology guidelines 4 recommend that patients should fast for liver studies, since readings regularly increase after eating. [5] [6] [7] [8] Postprandial effects on liver stiffness were recently simulated by pure water ingestion, which was found to cause the same increase in liver stiffness values as reported after meals. 9 These data suggest that the postprandial liver stiffness increase is driven by higher perfusion rates rather than by metabolic activity, giving rise to the hypothesis that liver stiffness decreases with hemodynamic activity of the liver. It is well documented that the Valsalva maneuver (forceful expiration against a closed glottis) leads to increased abdominal pressure, ultimately causing collapse of abdominal veins such as the inferior vena cava and intrahepatic veins. 10 However, the extent of the effect depends on the breathing protocol, varies among individuals, and changes with physiologic and pathologic conditions. 10, 11 Therefore, in this study, we first established a Valsalva protocol, which reduced hepatic venous flow, and then, in a second session, performed liver stiffness measurements under the same Valsalva breathing conditions in healthy volunteers.
Our method of choice for liver stiffness measurements is time-harmonic elastography, which we recently developed for investigations of liver viscoelastic properties in large tissue windows. 12 Time-harmonic elastography is based on multifrequency time-harmonic tissue stimulations between 30 and 60 Hz. This frequency range is commonly used in magnetic resonance (MR) elastography of the liver 13, 14 and has been shown to be sensitive to portal hypertension 15 and renal perfusion. 16 Thus, time-harmonic elastography essentially addresses the same stiffness quantity as measured by MR elastography and can therefore be used for cross-modality validation of elastographic parameters of the liver. 17 Since time-harmonic elastographic data acquisition can be squeezed into small time windows of approximately 1 second, it is better suited than MR elastography to investigate the effect of breathing on liver viscoelastic properties using 30-to 60-Hz time-harmonic stimulations. For these reasons, we used time-harmonic elastography in a group of asymptomatic volunteers to measure liver stiffness with reduced venous blood flow in the liver and to assess a possible source of variability in elastographic findings of the liver.
Materials and Methods

Participants
The study was approved by the Institutional Review Board. All participants gave written informed consent and were prospectively enrolled in this study from January 2016 through May 2016. Ten healthy volunteers were examined in the supine position under normal conditions and during the Valsalva maneuver with a clinical ultrasound scanner for defining the breathing maneuver that reduced hepatic venous flow in the right liver lobe for subsequent elastographic examinations. Normal conditions were defined by shallow expiration, and the Valsalva maneuver was defined by shallow expiration combined with abdominal muscle contraction for approximately 3 seconds. This maneuver was then used in subsequent time-harmonic elastographic examinations in a group of 15 healthy volunteers. All 10 volunteers enrolled in the study of hepatic veins also participated in the elastographic study. All investigations were performed in a fasting state at least 2 hours after eating and drinking.
Flow and Vessel Size Quantification
The participants underwent sonography in the supine position during both breath holding in shallow expiration and the Valsalva maneuver as described above. Sonography was performed by a radiologist (T.F.) using a 4.0-MHz convex transducer (Toshiba Medical Systems, Zoetermeer, the Netherlands). For sonography under normal conditions, all participants were asked to hold their breath in shallow expiration while the images were captured. The midportion of the intrahepatic portal vein was imaged to represent the portal veins, whereas the right hepatic vein was investigated to represent the hepatic veins. Figure 1 presents exemplary views of the intrahepatic portal vein and right hepatic vein in an intercostal view under normal conditions and during the Valsalva maneuver as used for vessel diameter measurement. Diameters were captured 3 times for each vessel at 1.5 to 2 cm distal from the mouth of the intrahepatic portal vein or right hepatic vein and averaged subsequently. The same longitudinal view along the vessels and the same locations were used for flow measurements, keeping the plane of section as constant as possible. Maximum and minimum pulsed wave velocities as well as flow volumes in the intrahepatic portal vein and right hepatic vein were measured by a curved array transducer with a 15 8 to 30 8 Doppler angle and a 5-MHz Doppler frequency. Figure 2 shows color Doppler findings in both veins under normal conditions and during the Valsalva maneuver.
Time-Harmonic Elastography
Time-harmonic elastography of the liver was performed with a commercially available elastography system (GAMPT mbH, Merseburg, Germany) consisting of a clinical B-mode scanner, an actuator-integrated vibration bed, and an online postprocessing unit for real-time elastographic feedback. 9 With this system, the liver was mechanically excited by a multifrequency waveform composed of 7 frequencies from 30 to 60 Hz (5-Hz increments) applied to the back with the participant in the supine position. 12 A single time-harmonic elastographic shot through the intercostal spaces along an Aline profile of approximately 14 cm in length and guided by B-mode sonography took 1 second, during which the volunteers were instructed to either hold their breath in shallow expiration or to perform a 3-second Valsalva maneuver as described above. Corresponding to the method proposed previously, 12, 17 we repeated the measurement 40 times with slightly changed views under both normal and Valsalva conditions in an interleaved fashion to retrieve 2 wave speed values (liver stiffness in meters per second), 1 for the measurement under normal conditions and 1 for the measurement during the Valsalva maneuver. Additionally, our algorithm recovered the slope of the wave speed over the drive frequency, as explained previously. 12, 17 The overall duration of the examination was less than 10 minutes per volunteer. To test the reproducibility of the effect, repeated tests on 3 different days were performed in 3 volunteers.
Statistical Analysis
All data are displayed as means and standard deviations. P values were derived for testing the hypothesis of no correlation against the alternative that there was a non-0 correlation using the Wilcoxon signed rank test. A difference with P < .05 indicated that the pair-wise correlation was significantly different from 0. Statistical analysis was performed with commercially available software (MAT-LAB version R 2009a; The MathWorks, Natick, MA; and SPSS Statistics version 20, release 20.0.0; IBM Corporation, Ehningen, Germany).
Results
The 10 volunteers (8 men and 2 women) who underwent the initial sonographic examinations had a mean age 6 SD of 34 6 9 years and a mean body mass index of 23.3 6 2.8 kg/m 2 . The 15 volunteers (10 men and 5 women) who underwent the subsequent time-harmonic elastographic examinations had a mean age of 34 6 9 years and a mean body mass index of 23.9 6 3.3 kg/m 2 . As shown in Figure 3 , the Valsalva maneuver resulted in a decrease in right hepatic vein diameters in all 10 volunteers (100%) on the order of 2 mm (-24%). The right hepatic vein flow volume was reduced in 8 of 10 volunteers (80%) by a mean of 0.16 L/min (-29%). Although the minimum right hepatic vein pulsed wave velocity was not significantly altered, the peak right hepatic vein pulsed wave velocity decreased in 8 of 10 volunteers (80%) by approximately 10.5 cm/s (-30.5%). The individual results for the right hepatic vein diameter, flow volume, and peak velocity are shown in Figure 3 . The intrahepatic portal vein peak pulsed wave velocity decreased on the Valsalva maneuver (-4.8 cm/s [-21 .3%]; P 5 .01), similar to that in the right hepatic vein, whereas other intrahepatic portal vein readings were not significantly altered by the Valsalva maneuver. Figure 4A shows repeated liver stiffness measurements in 3 volunteers in both breathing states. Liver stiffness decreased during the Valsalva maneuver in all examinations, with good reproducibility (no overlap 
Discussion
To our knowledge, the correlation of liver stiffness and hepatic flow parameters, including hepatic vein diameter, in healthy individuals has not been reported previously.
Other elastographic methods were not sensitive to the Valsalva maneuver or yielded mixed results. [18] [19] [20] The contrast to previously published research exploring the impact of the Valsalva maneuver on liver stiffness is most likely related to a number of factors, including the following: (1) time-harmonic elastographic mechanical excitation exploits a lower dynamic range than acoustic radiation force impulse or other transient-based elastographic measurements; (2) time-harmonic elastography can examine major portions of the right liver along profiles of approximately 14 cm in length; and (3) We used short breath-holding intervals of no longer than 3 seconds for our measurements. Breathing-related flow alterations have been demonstrated to be important for other elastographic methods as well. 21, 22 Liver stiffness was reported to be lower at end inspiration compared with end expiration. 21 These observations are consistent with our results, since end inspiration is often associated with higher abdominal pressure and a reduced volume flow through hepatic veins. 23 In MR elastography, reproducible breathing conditions are maintained during breath holds at the end of expiration.
14 Our findings suggest that forceful expiration should be avoided to maintain normal hepatic vein flow during elastographic measurement. The necessity to rely on the patient's cooperation for performing breath holds makes MR elastography prone to variations. 22 Free breathing during MR elastographic scans has been proposed to make that method more feasible in clinical examinations. 15 Guo et al 15 reported a significant decrease in liver stiffness after treatment of portal hypertension, with unprecedented accuracy of elastographic measurements. The results of our study suggest that the higher accuracy of free-breathing MR elastography is partially attributable to the avoidance of variations in hepatic venous blood flow.
Our study had limitations. Recruitment of more volunteers over larger age and body mass index ranges would have been advisable for drawing more general conclusions on the significance of liver stiffness versus flow-related parameters. In our cohort, we observed a Valsalva-related reduction of liver stiffness in all volunteers. However, this rate may be lower in a larger study population, as well as with different instructions for the Valsalva maneuver and operator variability. It would also be interesting to quantify the effect of the Valsalva maneuver in patients with substantial hepatic fibrosis. Liver tissue in these patients is expected to be less compliant to flow alterations. Technically, time-harmonic elastography requires an extra vibration device to be included in the patient's bed, which has space requirements and is more costly than drivers integrated in the ultrasound transducer (transient elastography) 24 or acoustic radiation force impulse-based methods. 25 However, the possibility of accurately quantifying liver stiffness in large tissue windows is of particular interest in obese patients and patients with ascites and may justify the provision of a robust and standardized mechanical vibration bed.
In summary, we have demonstrated that the Valsalva maneuver reduces hepatic venous blood flow and that this reduction in turn decreases liver stiffness in healthy volunteers. The effect of the Valsalva maneuver on liver stiffness was clearly seen in all volunteers, whereas the effect on all examined flow-related parameters was variable. The high rate of change in liver stiffness, on the order of 13%, indicates the importance of using standardized breathing protocols in liver elastographic examinations and points to a possible source of the variability of results observed in examinations performed under breath-holding conditions.
